The inner ear can be permanently damaged by overexposure to high-level noise; however, damage can be decreased by previous exposure to moderate level, nontraumatic noise (Canlon et al., 1988) . The mechanism of this "protective" effect is unclear, but a role for heat shock proteins has been suggested. The aim of the present study was to directly test protective effects of heat stress in the ear. For physiological experiments, CBA/CaJ mice were exposed to an intense octave band of noise (8-16 kHz) at 100 dB SPL for 2 hr, either with or without previous whole-body heat stress (rectal temperature to 41.5°C for 15 min). The interval between heat stress and sound exposure varied in different groups from 6 to 96 hr. One week later, inner ear function was assessed in each animal via comparison of compound action potential thresholds to mean values from unexposed controls. Permanent threshold shifts (PTSs) were ϳ40 dB in the group sound-exposed without previous heat stress. Heat-stressed animals were protected from acoustic injury: mean PTS in the group with 6 hr heat-stress-trauma interval was reduced to ϳ10 dB. This heat stress protection disappeared when the treatment-trauma interval surpassed 24 hr. A parallel set of quantitative PCR experiments measured heat-shock protein mRNA in the cochlea and showed 100-to 200-fold increase over control 30 min after heat treatment, with levels returning to baseline at 6 hr after treatment. Results are consistent with the idea that upregulation of heat shock proteins protects the ear from acoustic injury.
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Overexposure to intense sound damages inner ear sensory cells and can lead to permanent threshold shift (P TS) if exposure is sufficiently intense or prolonged. "Conditioning" the ear by preexposure to moderate level, nontraumatic sound can dramatically reduce P TS from a subsequent traumatic exposure (C anlon et al., 1988) . Such conditioning-related protective effects have been demonstrated in several mammalian species, including humans (Miyakita et al., 1992) , guinea pigs (C anlon et al., 1988) , rabbits (Franklin et al., 1991) , chinchillas (Subramaniam et al., 1996) , gerbils (Ryan et al., 1994) , and rats (Pukkila et al., 1997) . Most studies have used conditioning exposures of many days duration; however, protective effects have been reported for conditioners as short as a few hours (Pukkila et al., 1997) . Most studies have interposed an interval of several days between conditioner and traumatic exposure; however, the build-up and decay of these protective effects has not been systematically investigated.
The mechanism(s) whereby previous sound exposure can reduce subsequent acoustic injury are poorly understood. The effects of the sound conditioning per se on the structure and/or function of the cochlea have been evaluated in only a limited manner. One physiological study found significant enhancement of distortion product otoacoustic emissions (DPOAEs) in the sound-conditioned ear (Kujawa and Liberman 1996) , suggesting that conditioning modifies the f unction of the electromotile outer hair cells (OHC s). An ultrastructural study of the conditioned ear reported elaboration of membranous tubules/ vesicles in the basal pole of OHCs (Canlon et al., 1991 (Canlon et al., , 1993 ; however, no other structures within the cochlear duct have been carefully examined.
In the search for mechanisms, it is useful to consider whether the protective effect of sound conditioning is a special case of the more generalized phenomenon whereby exposure to sublethal stressors protect against subsequent exposure to more severe conditions. The protective effects of stress-induced gene expression have been extensively studied in a number of systems from yeast to mammals, with a variety of stressors including heat shock, ischemia, and physical restraint (Lindquist and Craig, 1988; Welch 1992) . Such protective effects involve multiple changes in gene expression. One pathway that has received considerable attention is the upregulation of inducible heat shock proteins (HSPs). HSPs are known to be expressed in the cochlea, and immunohistochemical studies suggest they are upregulated in response to acoustic overexposure and ischemia, as well as heat stress (Myers et al., 1992; Thompson and Neely, 1992; Lim et al., 1993; Akizuki et al., 1995) . In the eye, whole-animal heat stress protects from light damage with elevation of inducible HSPs (Barbe et al., 1988; Tytell et al., 1993) . Although the involvement of HSPs in the sound-conditioning of the cochlea has been proposed (e.g., Lim et al., 1993) , the protective effects of heat stress on the ear have never been directly evaluated. Thus, the aims of this study were to assess the effects of whole-animal heat stress on vulnerability to acoustic injury and cochlear HSP production and thereby begin to address the idea that manipulation of stressinduced gene expression may underlie a variety of cochlear protective effects.
All procedures were approved by the animal care committee of the Massachusetts Eye and Ear Infirmary.
Electrophysiolog ical test groups. All animals in these groups were tested physiologically at 10 -12 weeks of age in a terminal procedure to evaluate cochlear f unction. Before the final test, animals in different groups were subjected to different experimental manipulations, as schematized in Figure 1 . Each experimental manipulation is described in more detail below. The five groups were as follows: (1) a Control group to establish normal cochlear thresholds for the 10-to 12-week-old CBA /C aJ mouse; (2) a Trauma Onl y group, exposed to the traumatic noise-band (without heat stress or anesthesia) 1 week before final test, to demonstrate the normal vulnerability of the ear; (3) five AnesthesiaϩHeat pre Trauma groups, anesthetized and heat-stressed (for 15 min) at varying time intervals (6, 12, 24, 48, or 96 hr) before the traumatic exposure to assess whether previous heat stress protects the ear; (4) four Anesthesia Onl y pre Trauma groups, anesthetized (without heat stress) at varying times (6, 12, 24, or 48 hr) before the acoustic trauma to differentiate effects of heat stress from effects of anesthetization; and (5) an Anesthesiaϩ Heat Onl y group, anesthetized and heat-stressed (without acoustic trauma) 6 hr before final test to evaluate whether the heat stress has compromised basic cochlear f unction at the time animals would have been traumatized. Numbers of animals in each experimental group are shown in Table 1 .
Molecular biolog y test groups. An additional six animals were tested at 10 -12 weeks of age in a terminal procedure to evaluate cochlear mRNA levels. Before bilateral cochlear extraction, two groups (of two animals each) were anesthetized and heat-stressed before cochlear extraction, and a third group (also of two animals) served as a control (anesthesia without heat shock). The time interval between heat stress and extraction was 30 min for one group and 6 hr for the other. T wo independent molecular analyses (described below) were run, each using one animal from each of the three groups.
Anesthesia and heat stress
Animals were heat-stressed while anesthetized with ketamine (60 mg / kg, i.p.) and xylazine (rompun) (6 mg / kg, i.p.). Immediately after injection, animals were placed in a pan on a heating pad in a warm room (ambient temperature ϳ34°C) to prevent hypothermia during the onset of anesthesia. Once surgical levels of anesthesia were reached (ϳ10 min later), a rectal thermometer was inserted; initial temperature was 37°C (Ϯ 0.5°C), as shown in Figure 2 . Each animal was then placed in an aluminum "boat" floating in a hot-water bath maintained at 46.5°C. To avoid direct thermal effects to the ear, the animal's head was placed on a gauze pad, left ear down, and only right ear f unction was ultimately measured. The rectal temperature, continuously monitored with a digital thermometer, rose at an average rate of 0.6°C /min, and within ϳ8 min, reached 41.5°C at which it was maintained for 15 min (Fig. 2 A) . After the appropriate elapsed time, the animal was removed from the heat and placed in a small box within the warm room to f ully recover from the anesthesia (ϳ30 min) before being returned to the animal facility when f ully awake. As shown in Figure 2C , heat-stressed animals, on average, recovered from the anesthesia ϳ60 min after initial injection.
As a control for the effects of anesthetization, a separate group of animals was anesthetized without being heat-stressed Anesthesia Onl y pre Trauma. For this group, care was also taken that the rectal temperature was maintained near 37°C during the entire anesthetization period. Without such special precautions, the rectal temperature of an anesthetized mouse can quickly fall to 32°C at typical ambient temperatures. Temperature records for all these animals are shown in Figure 2 B. As shown in Figure 2C , without heat stress, animals recovered more quickly from the anesthesia (50 vs 60 min after injection).
Acoustic overexposure
Animals were exposed, unanesthetized and unrestrained, within cages (one per cage division) suspended inside a small reverberant sound exposure box (Liberman and Gao, 1995) . The stimulus for the acoustic overexposure was an octave band of noise (8.0 -16.0 kHz) presented at 100 dB SPL for 2 hr. The stimulus was generated by a custom-made white noise generator, filtered [Brick Wall (San Diego, CA) filter with a 60 dB/octave slope], amplified [Crown International (Elkhart, I N) power amplifier], and delivered [JBL Scientific (San L uis Obispo) compression driver] through an exponential horn fitted securely to a hole in the top of reverberant box. Sound exposure levels were measured at four positions within each cage using a 1 ⁄4 inch Brüel and Kjaer (Atlanta, GA) condenser microphone; sound pressure was found to vary by Ͻ0.5 dB across these measurement positions. 
Testing of compound action potential and DPOAEs
For the final test, animals were anesthetized with xylazine (rompun) (8 mg / kg, i.p.), followed by urethane (1.2 gm / kg, i.p.). Surgical levels of anesthesia were maintained with booster injection of rompun and urethane ( 1 ⁄3 original dose), when necessary. Surgical preparation for the terminal experiment involved insertion of a tracheotomy tube and severing the right ear canal near the tympanic ring. DPOAEs were measured at this point. Then, the bulla was exposed on right side by removing the overlying muscle layers and was opened with a #11 scalpel blade for recording of compound action potentials (CAPs).
CAP was recorded from right cochlea of each case via fine silver wire on the round window referred to the tongue. The response was amplified (10,000ϫ), filtered (100 Hz to 3 kHz), and averaged with and analog-todigital board in a LabV I EW-driven data acquisition system. CAP thresholds were measured under computer control in response to 5 msec tone pips (0.5 msec rise -fall with a cos 2 onset envelope, delivered at 10/sec). At each SPL, 32 responses were averaged (with stimulus polarity flipped on half of the presentations to remove microphonic potentials). Thresholds were defined as the sound pressure required to produce a peak-topeak neural response of 3 V.
The DPOAEs were measured using an ER-10C (Etymotics Research) acoustic system consisting of two sound sources and one microphone. The sensitivity of the microphone was measured by coupling a calibrated Brüel and Kjaer condenser microphone to the output port of the ER-10C system. Stimuli consisted of two primary tones (f 1 /f 2 ϭ 1:2), presented with f 2 level always 10 dB Ͻ f 1 level. Stimuli were generated digitally, but attenuation was provided with external analog attenuators. The ear canal sound pressure was filtered (high-pass at 1000 Hz), amplified, and digitized by a digital-to-analog board. A fast Fourier transform (FF T) was computed, and the sound pressures at f 1 , f 2 , and 2f 1 -f 2 were extracted after spectral averaging from serial waveform traces. The noise floor also was measured (defined as the average of six points in the FF T on either side of the 2f 1 -f 2 frequency) and ranged between Ϫ20 and 5 dB SPL, depending on frequency.
Assessment of histopathology
For selected animals in each group, inner ears were harvested for histopathological analysis. After the final test, cochleas were dissected out, and tissue was fixed by intralabyrinthine perf usion of a buffered solution of glutaraldehyde and paraformaldehyde. Ears were post-fixed overnight (at 4°C) in the same solution, and then rinsed and osmicated for 1 hr (1% OsO 4 ), dehydrated in graded ethanols, and infiltrated with epoxy resins. After polymerization, cochlear bone was removed with dental burrs, and the plasticized cochlear duct was dissected with razor blades into ϳ12 pieces. Each piece was re-embedded in plastic (for easier handling), thinned with sanding disks, and mounted on microscope slides. In the final material, the entire organ of Corti could be viewed in the light microscope as a plastic-embedded surface preparation. Cochlear lengths were measured with a drawing tube, and the hair cells were counted with high-power Nomarski optics.
Quantitative PCR
For mRNA preparation, mice were anesthetized with ketamine -xylazine and decapitated. Both cochleas were dissected, cleaned of surrounding tissue, and placed on dry ice. Total RNA was isolated using Trizol Reagent (Life Technologies, Gaithersburg, MD). After the precipitated RNA was washed with 75% EtOH, it was resuspended in 25 l of sterile RNase free water and quantified on a spectrophotometer. To remove residual genomic DNA, 1 g of RNA was treated with 1 l (1 U) of RNase free DNase I (Life Technologies) plus 2 l of 10ϫ reaction buffer, diluted to 20 l of total volume. After 20 min at 21°C, DNase was inactivated by 1 l (25 mM) of EDTA at 65°C for 10 min. To test for genomic DNA removal, 1 l (ϳ 50 ng) of DNased solution was added to 17 l of PCR SuperMix (Life Technologies) and 1 l each of mouse ␤-tubulin primers at 100 ng /l. The nonreverse-transcribed RNA was subject to PCR as follows. Samples were kept at 94°C for 2 min and then subjected to thermocycling (40 cycles of 30 sec at 94°C, 1 min at 58°C, 1 min at 72°C, with a final extension at 72°C for 5 min). ␤-T ubulin primers were designed to amplif y the 476 -650 bp region (GenBank accession number X04663: 5ЈTTCAGC TGACCCAC TCAC TG3Ј and 5ЈTGA-TGGACAGACAGGGTGGCAT3Ј).
Once the absence of genomic DNA was confirmed, cDNA was generated from 10 l (500 ng) of total RNA using the TaqMan RT Reagents kit (Perkin-Elmer, Emery ville, CA). The RNA template was mixed with 10 l of 10ϫ buffer, 22 l of MgC l, 20 l of dNTPs, 5 l of random hexamer primer, 2 l of RNase inhibitor, 2.5 l of MultiScribe reverse transcriptase, and 28.5 l RNase free water for a total volume of 100 l. The reactions were heated to 25°C for 10 min, then 48°C for 30 min, and finally [for reverse transcription (RT) enzyme inactivation] to 95°C for 5 min.
Primers for quantitative PCR were designed for mouse inducible HSP70 mRNA and 18S ribosomal RNA (rRNA) (as the endogenous control). The HSP70 primer was designed to amplif y the 1225-395 bp region of mouse HSP70 mRNA (GenBank accession number M12572: 5ЈAGGCCAGGGC TGGTATTAC T3Ј and 5Ј AATGACCCGAGT-TCAGGATG3Ј). The 18S primer was designed to amplif y the 899 -999 bp region of mouse 18S rRNA (GenBank accession number X00686: 5ЈTTCGGAAC TGAGGCCATGATT3Ј and 5Ј TTTCGC TC TGGTC - Figure 2 . Temperature records during anesthesia are shown for one group of AnesthesiaϩHeat pre Trauma animals ( A) and for the Anesthesia Only pre Trauma group ( B); the mean Ϯ SEM durations of anesthetization for the same two groups of animals are shown in C. For each animal, a rectal thermometer was inserted as soon as possible after injection of anesthetics and was removed only when the anesthesia began to wear off and the animal began to move. During heat stress, the temperature was read every minute under computer control (accuracy better than 0.1°C); after anesthesia plus heat or during the anesthesia only protocol, temperature was read by eye off a meter (to the nearest 0.25°C). The AnesthesiaϩHeat pre Trauma group shown in A was the one with the shortest treatment-trauma interval (6 hr). CGTC TTG3Ј). To test the primers and the RT reaction, a preliminary (nonquantitative) PCR was performed on the cDNA; samples were kept at 94°C for 2 min and then thermocycled (40 cycles of 30 sec at 94°C, 1 min at 58°C, 1 min at 72°C, with a final extension at 72°C for 5 min). PCR bands, resolved on a 1.5% agarose gel, were confirmed to be present at the correct molecular weight compared with a L ow Mass DNA Marker (Life Technologies).
Using the ABI Prism 7700 sequence detection system (Applied Biosystems, Foster C ity, CA), a quantitative SYBR Green assay was performed to measure relative amounts of HSP70 cDNA in the samples. One microliter of sample was combined with 2.5 l of 10ϫ buffer, 2 l of 25 mM MgC l, 3 l of dN TPs, 0.25 l of AmpErase UNG, 0.125 l of AmpliTaq Gold polymerase, 1 l each of specific primers (for HSP70 or 18S), and 14.125 l of water. All samples were run in triplicate in a 96-well microtiter plate. Thermocycle conditions were as follows: 1 cycle at 50°C 2 min, 1 cycle at 95°C 10 min, and 40 cycles 15 sec at 95°C and 1 min 60°C.
In the SYBR Green assay, fluorescence signal is measured after each thermocycle as it rises in proportion to the double-stranded DNA generated by PCR (Livak et al., 1995; Heid et al., 1996) . To normalize for possible differences in sample volume, the signal arising from wells containing the HSP70 primers was compared with those with the primer for 18S rRNA. To compute the relative quantities of mRNA, we used the comparative ⌬⌬Ct method [ABI Prism 7700 Sequence Detection System, User Bulletin #2 (1997), pp 23-27].
RESULTS

Effects of heat stress on vulnerability to acoustic injury T hreshold responses and histopathology
Overexposure to loud sound can damage sensory cells and cause permanent elevation of CAP thresholds (for review, see Saunders et al., 1985) . The 2 hr exposure to octave-band noise at 100 dB SPL used in the present study caused frequency-dependent threshold elevations. As shown in Figure 3A , this 8 -16 kHz noise band caused chronic threshold elevations in all nonheat-stressed (Trauma Onl y) mice examined, at all test frequencies above 8 kHz. The largest threshold elevations were seen at 17.5 kHz where they averaged ϳ40 dB. The pattern and degree of PTSs were remarkably similar across all mice in this experimental group; for all test frequencies below 30 kHz, thresholds for all 10 Trauma Onl y animals fell within a 20 dB range. The increased variance for test frequencies above 30 kHz is seen in both control and noise-exposed animals; it may arise, in part, from subtle cochlear damage from the surgery required to expose it.
Hair cell loss was minimal in the Trauma Onl y animals. Figure  3B shows the loss pattern along the cochlear spiral in one typical case, aligning cochlear place to test frequency according to a cochlear map for mouse (Ehret, 1983 ). Significant hair cell loss in this case was restricted to the extreme basal regions of the cochlea where best frequencies are Ͼ50 kHz, i.e., above the highest frequency routinely tested. Throughout the cochlear region in which P TS was maximal, hair cell loss was insignificant. The absence of sensory cell loss is consistent with other studies in which noise-induced P TS on the order of 40 dB is associated with damage to the hair cell stereocilia rather than with the destruction of the sensory cells (Liberman and Dodds, 1984) . Indeed, careful examination of the sensory hairs in these trauma only mice revealed clear-cut disarray and loss of stereocilia on inner hair cells (IHCs) and OHCs in a restricted cochlear region consistent with the frequency region showing maximal PTS (data not shown).
Pretreatment with whole-body heat stress significantly reduced PTS from the subsequent acoustic overexposure when the interval between heat stress and trauma was less than 24 hr. Mean PTSs for animals heat-stressed before the acoustic overexposure (AnesthesiaϩHeat pre Trauma) are compared in Figure 4 A with data from animals exposed without previous heat stress (Trauma Only). As described above, the mean PTS in the Trauma Only animals was close to 40 dB; in contrast, the mean PTS in animals heat stressed 6 hr before acoustic overexposure was only 13 dB, a protective effect of ϳ25 dB. SEs have been left off Figure 4 A for clarity; however, they are included in Figure 4 B in which the maximum PTS (i.e., PTS at 17.5 kHz) is replotted for each of the groups shown in A. A statistical analysis (Fig. 4 B) showed highly significant differences ( p Յ 0.005 by ANOVA) between the Trauma Only group and the AnesthesiaϩHeat pre Trauma groups with the two shortest treatment-trauma interval groups, i.e., 6 hr (F ϭ 31.55; p Ͻ Ͻ 0.0001 for the group effect; F ϭ 2.932; p ϭ 0.005 for the group-frequency interaction) and 12 hr (F ϭ 11.32; p ϭ 0.005 for the group effect; F ϭ 2.351; p ϭ 0.023 for the groupfrequency interaction). Although the small protective effect suggested by the mean data in the 24 and 48 hr interval groups was not statistically significant (Fig. 4 B) , the trend of the means suggests that protective effects of the heat stress may not have completely disappeared until 96 hr after the treatment. In a separate group of animals, the effects of a shorter heat stress, i.e., 5 rather than 15 min, were assessed for treatment-trauma intervals of 6, 12, 24, and 48 hr; although mean PTS for the 6 hr treatment-trauma interval group was 12 dB lower than for the Figure 3 . The noise band used in the present study produces a reproducible pattern of permanent threshold shift in mice exposed without previous heat stress ( A); hair cell loss is restricted to the extreme base ( B). CAP threshold curves are shown in A for 10 Trauma Only animals compared with the mean CAP threshold curve for 10 control animals not exposed to the traumatic noise band. B shows the cytocochleogram for one of the Trauma Only cases, i.e., a plot of the percentage of hair cells remaining as a function of cochlear location. Cochlear location is translated into frequency using published data on the map for mouse (Ehret, 1983) .
Trauma Onl y group, for none of the 5 min heat stress groups was the protective effect statistically significant.
Because the heat stress treatment in our experimental design included anesthetization, it was necessary to control for the possible effects of the anesthetization per se on susceptibility to subsequent acoustic injury. As illustrated in Figure 5A , any protective effects of previous anesthetization alone were not statistically significant. That is to say, none of the four Anesthesia Only pre Trauma groups (with differing treatment-trauma intervals matching those tested in the heat stress groups) showed less PTS than the Trauma Onl y group. Figures 3-5 deal only with cochlear responses to stimuli at near-threshold sound pressure levels. In the present study, suprathreshold responses showed protective effects similar to those seen in the threshold responses described above. Mean amplitude versus level curves for CAP are shown in Figure 6 for two AnesthesiaϩHeat pre Trauma groups compared with control and Trauma Onl y animals. Data at six different test tone frequencies are illustrated in A-F, and the relation of those six test frequencies to the overall pattern of threshold shift in the appropriate experimental groups is shown in G. Consider first the data for the two highest test tone frequencies: 20.0 and 28.3 kHz (E and F, respectively). For both of these frequencies, positioned on the high-frequency edge of the damaged region ( G), the suprathreshold responses are predicted by the near-threshold results: i.e., (1) the AnesthesiaϩHeat pre Trauma group with 6 hr treatmenttrauma interval ( filled circles) shows similar response magnitudes to the control group, consistent with almost complete protection from acoustic overexposure; and (2) the AnesthesiaϩHeat pre Trauma group with the 96 hr interval shows similar response magnitudes to the Trauma Only group, consistent with complete disappearance of protective effects. Indeed, damage appears, if anything, more severe in the 96 hr interval heat-stressed group; the significance of this trend is unclear. Similar results were obtained with the growth functions for DPOAEs (data not shown).
Suprathreshold responses
Data in
The data for the lower test tones frequencies (5.0, 7.07, and 10.0 kHz in A, B, and C, respectively) show supranormal response amplitudes at the highest stimulus levels. For these frequencies, positioned on the low-frequency side of the damaged region ( G), the amplitude versus level curves of all three traumatized groups Figure 4 . Heat stress significantly reduces PTS from a subsequent acoustic overexposure. A compares mean P TS for five AnesthesiaϩHeat pre Trauma groups with the Trauma Only group. All thresholds are normalized to the mean control thresholds seen in nontraumatized mice (Fig. 3) . B examines the effect of treatment-trauma interval by replotting the maximum PTS (i.e., the value at 17.5 kHz) from each graph in A, arranged with increasing time interval between heat stress and trauma. SE bars are shown; **p Ͻ 0.005 indicates significant group difference between a given experimental group and the Trauma Onl y group (ANOVA). Tests were performed as a series of two-way ANOVAs (factors are frequency and group), each of which compared all PTS values obtained at test frequencies between 7 and 40 kHz from a particular experimental group with comparable data from the control group. Data show that anesthesia without heat stress has no protective effect at any of the four treatment-trauma intervals investigated (6, 12, 24, or 48 hr as shown in the key). B replots maximum P TS (value at 17.5 kHz) from each group, arranged according to treatment-trauma interval. Error bars show SEM.
(i.e., Trauma Onl y and both AnesthesiaϩHeat pre Trauma groups) cross the control group curves: i.e., the traumatic exposure has reduced CAP amplitudes at low stimulus levels but enhanced amplitudes at high stimulus levels. Such supranormal responses may arise from the phenomenon of hypersensitization (Liberman and K iang, 1978) ; after cochlear insult, auditory nerve fibers often show decreased sensitivity at the characteristic frequency (CF) coupled with increased sensitivity for frequencies below CF (on the low-frequency "tail" of the tuning curve). Thus, high CF fibers in these traumatized ears may be more responsive to low-frequency tones, contributing to an enhanced CAP as the intensity of low-frequency test tones is raised. Consistent with this explanation, supranormal response amplitudes were not seen in the DPOAE (data not shown). Because DPOAEs are generated mainly near the CF region for the primary tones (Siegel et al., 1982) , hypersensitization of basilar membrane response at frequencies well below CF should not add to the overall DPOAE amplitude.
Effects of heat stress on cochlear function before overexposure
In interpreting the effects of heat stress on vulnerability of the ear to acoustic injury, it is important to consider the effects of the heat stress per se on cochlear condition. Manipulations, which themselves elevate cochlear threshold while they protect the ear from acoustic injury, must be distinguished from other manipulations that protect the ear without also compromising basic auditory function. For example, if heat stress decreased middle ear transmission for 6 -12 hr, it would produce a dramatic reduction in acoustic injury from an overexposure delivered within that time window.
To assess the direct effects of heat stress on cochlear function, cochlear thresholds were measured in a group of animals 6 hr after heat stress (Fig. 7 A, B) . Because animals were anesthetized during heat stress, this group is referred to as AnesthesiaϩHeat pre Trauma. Cochlear responses in these heat-stressed animals ( Fig. 7) were indistinguishable from those seen in control mice. Cochlear function (Fig. 7) was assessed in two ways for every animal; A shows CAP data, which provide a sensitive functional measure of the entire auditory periphery from sound conduction through synaptic transmission. An alternative measure of cochlear functioning is provided by DPOAEs, as shown in B, which assay the functional state of the middle ear and the contribution of the OHCs to cochlear mechanical amplification. By defining two different iso-response contours (5 and 25 dB SPL), we assess sound transmission and OHC function at both low and high sound levels. Heat stress per se did not affect any of these measures of basic cochlear function.
Effects of heat stress on cochlear mRNA
A quantitative RT-PCR approach (Livak et al., 1995; Heid et al., 1996) was used to measure the changes in cochlear mRNA expression of the major inducible heat shock protein HSP70. HSP70 mRNA levels were assayed in the control group and in two groups of heat-stressed animals, one in which cochleas were extracted 30 min after heat stress and a second at 6 hr. As shown in Figure 8 A, the quantitative PCR approach assesses the growth of PCR reaction product after each thermocycle by the use of fluorescent markers. The greater the amount of a particular cDNA in the sample, the earlier the cycle number at which the fluorescent signal begins to rise rapidly out of the noise. To guarantee that overall RNA levels are comparable in each of the starting samples, results with probes for HSP70 were compared in every run with results with probes for 18S rRNA, which should be unaffected in expression level by the heat stress manipulation. Indeed, the quantitative PCR results for 18S rRNA were almost identical across experimental groups; in each case, the PCR signal rises steeply at approximately thermocycle 8.5 (Fig. 8 A) . This reproducibility of the 18S data allows a direct comparison of the HSP70 results in the three experimental groups.
This comparison suggests that HSP70 mRNA levels are increased ϳ100-fold by 30 min after heat stress; the control and 30 min curves are shifted by 6.7 cycles, and, assuming a doubling of PCR product on each cycle, the approximate increase in mRNA levels is a factor of 2 6.7 (equal to 104). The data in Figure 8 A further suggest that HSP70 mRNA levels return toward baseline by 6 hr after heat stress. This spike of HSP70 mRNA production was confirmed in an independent set of PCR runs using a second Figure 6 . Average CAP amplitude (ϮSEM) versus level curves at six test frequencies for two of the AnesthesiaϩHeat pre Trauma groups (6 and 96 hr treatment-trauma intervals) compared with control and Trauma Onl y groups. A-F, Each compares, for a different tone pip frequency, the average value for the peak-peak CAP for the four groups indicated, as a function of tone pip intensity. The test frequency is noted at the top of each panel ( A-F) and also in G in which the mean P TS for each of these four groups are replotted from Figure 4 A. set of cochleas for each of the three groups. Data from both sets of runs are summarized in Figure 8 B in which the changes in HSP70 mRNA levels have been extracted from the raw data.
DISCUSSION
Functionally important structural changes in acoustic injury
Before considering mechanisms by which heat stress might reduce noise-induced P TS, it is important to consider the f unctionally important structural changes underlying P TS in the absence of heat stress. Threshold elevations seen immediately after an acoustic overexposure include both reversible and irreversible components (Miller et al., 1963) . The reversible or temporary threshold shifts (TTSs) recover over a few days with an exponential time course (Miller et al., 1963) , leaving a P TS. In the present study, we allowed a 1 week postexposure recovery so that thresholds would reflect P TSs.
Acoustic overexposure can lead to permanent damage in virtually all cochlear cell types if exposure level is high enough and/or duration is long enough (Saunders et al., 1985) . However, the most vulnerable elements are hair cells. Although both IHCs and OHCs are often destroyed by acoustic overexposure, significant PTS (Ͼ40 dB) can be seen when all hair cells remain (Liberman and Dodds, 1984) . In such cases, damage is found to hair cell stereocilia (Robertson, 1982; Engstrom et al., 1983; Liberman and Dodds, 1984) , and the frequency pattern and magnitude of PTS is well explained by the cochlear pattern and degree of stereocilia damage (Liberman and Dodds, 1984) . Given that stereocilia contain the mechanically sensitive transduction Figure 7 . Heat stress does not affect basic cochlear f unction when measured at the time animals would have been exposed to traumatic sound. Average iso-response contours are shown for CAP ( A) and DPOAE ( B) for control versus AnesthesiaϩHeat Onl y. The iso-response amplitude defined as "threshold" for the CAP was 3 V (peak-to-peak). Two iso-response values were used for the DPOAE: 5 and 15 dB SPL (as indicated). Figure 8 . Quantitative PCR results on expression levels of HSP70 mRNA and 18S ribosomal RNA in three experimental groups demonstrate dramatic upregulation of HSP70 after heat stress. A replots raw output from the ABI Prism 7700 sequence detection system, i.e., the fluorescent signal intensity (proportional to amount of PCR reaction product) as a f unction of thermocycle number. Fluorescence intensity (⌬Rn) is calculated by using the equation ⌬Rn ϭ (Rn
, where Rn ϩ equals the ratio of emission intensity of SYBR Green and emission intensity of passive reference during a reaction, and Rn Ϫ equals the ratio during cycles 1-7. This run was based on one animal (both cochleas) from each of the three experimental groups (control, heat shock wait 30 min, and heat shock wait 6 hr). Each point is the average Ϯ SEM of three samples independently assayed. B extracts the approximate increase in HSP70 mRNA production re the control value for each of the six animals tested. Arrows indicate the range of results obtained across all samples assayed (3 or 4) from each animal. See Materials and Methods for further details. channels, it is not surprising that their loss or damage can lead to significant (even profound) P TS.
Although comprehensive histological analysis of the inner ear was beyond the scope of the present study, we analyzed hair cell loss patterns in a number of Trauma Onl y ears (Fig. 3B) . The only significant cell loss was seen at the cochlear base where best frequencies are Ͼ50 kHz. Although hair cell loss cannot account for PTS spanning cochlear frequencies from 7-40 kHz in the Trauma Onl y group, stereocilia disarray was seen in appropriate cochlear regions. Thus, the heat stress treatment, which decreased noise-induced P TS, is decreasing stereocilia damage rather than preventing hair cell degeneration.
Mechanism of heat stress protection
In this study, 15 min heat stress transiently increased mRNA levels of HSP70 in the cochlea (Fig. 8) and, in a separate group of animals, significantly decreased P TS from a subsequent acoustic overexposure (Fig. 4) . Appropriate control groups were studied to demonstrate that this protective effect was caused by the heat per se and not the associated anesthetization (Fig. 5) . Of course, care had to be taken to control body temperature during anesthetization (Fig. 2) , because decreasing temperature during acoustic overexposure can decrease acoustic injury (Drescher, 1976) . The demonstration of normal threshold and suprathreshold CAP and DPOAE responses, even as soon as 6 hr after heat stress (Fig. 7) , shows that this treatment does not alter sound transmission through the middle ear, nor basic cochlear mechanics, transduction, or synaptic transmission. Rather, the protective effect must involve alterations in the initial resistance of the inner ear or in the effectiveness of its recovery -repair processes.
Our experimental design included a variety of treatmenttrauma intervals to study the growth and decay of HSP70 gene expression in the cochlea as well as the accompanying heat stress-mediated protection. A dramatic increase in mRNA synthesis was seen by 30 min after heat stress and had decayed significantly 6 hr later. Previous nonquantitative studies have also reported upregulation of cochlear HSP70 after heat stress or noise exposure in rat (Lim et al., 1993) and guinea pig (Thompson and Neely, 1992; Akizuki et al., 1995) . The cochlear protective effects observed here were maximal at the shortest interval tested (6 hr), were no longer statistically significant at 24 hr, and had disappeared completely by 96 hr (Fig. 4) . These time courses are slightly more rapid than those reported in analogous studies of heat stress and retinal damage. In the eye, heat stress reduced light damage in vivo (Barbe et al., 1988; T ytell et al., 1993) ; mRNA for HSP70 peaked 6 hr after heat, and an 18 hr interval between heat stress and light exposure afforded maximum protection to retinal cells. Nevertheless, taken together, the physiological and molecular data are consistent with the hypothesis that HSPs mediate the protective effects seen in the present study. However, as discussed below, although the rapid rise in cochlear HSP mRNA is a necessary condition for the hypothesis, it is insufficient to prove it.
The role of HSPs in the cochlea is poorly understood; thus, it is difficult to provide a compelling hypothesis for mechanisms whereby HSPs might protect the ear from acoustic injury. Nevertheless, recent work suggests a possible line of investigation. A constitutive form of HSP, HSP27, has recently been reported in the cuticular plate and lateral wall of the rat cochlea (Leonova et al., 1998) . This HSP is interesting in the context of acoustic injury. Although its role as a molecular chaperone is similar to other HSPs (Jakob et al., 1993) , it associates specifically with F-actin filaments and controls their polymerization and depolymerization (Lavoie et al., 1993 (Lavoie et al., , 1995 . F-Actin is particularly relevant to hearing and acoustic injury, because it is a major protein of stereocilia and the cuticular plate into which they insert (Raphael et al., 1994) . As described above, stereocilia damage is the functionally important structural change underlying the type of PTS studied here. Ultrastructural studies have shown that noise-induced stereocilia damage is associated with degeneration-depolymerization of the rootlet, which anchors stereocilia into the cuticular plate (Liberman, 1987) . Thus, heat stressinduced stabilization of stereocilia rootlets could underlie the protective effects seen. Of course, changes in gene expression induced by heat stress in particular, and stress in general, are not restricted to changes in HSPs. It is also possible, for example, that the heat stress leads to upregulation of enzymes, such as superoxide dismutase, or others involved in the control of cellular redox status, given recent studies of protection from acoustic injury via free-radical scavengers (Jacono et al., 1998; Sha et al., 1998) .
Relationship between sound conditioning and heat stress protection
The phenomenon of sound "conditioning" (Canlon, 1996) in which pre-exposure to moderate level nontraumatic sound reduces PTS from subsequent traumatic exposures may be an ear-specific example of the more general observation that preexposure to sublethal insults affords significant protection from subsequent, more potent challenges. Challenges for which such protective effects are demonstrable also include hypoxia, ischemia, heat stress, and chemical toxins. In addition to such direct cellular insults, psychological stressors, such as physical restraint, can also induce changes in gene expression in the same "protective" pathways induced by the direct cellular challenges (Ghoshal et al., 1998) . These psychological effects on gene expression are mediated via changes in circulating glucocorticoid levels and their actions on glucocorticoid receptors. Direct cellular stresses, such as changes in intracellular Ca 2ϩ , redox status, or protein structure, can lead to upregulation of the same protective pathways through modulation of a variety of other transcription factors.
Acoustic exposure of the type used in sound conditioning experiments (1) can affect cochlear blood flow (Axelsson and Vertes, 1982) , (2) probably changes intracellular ion concentrations and redox status, (3) can elicit an array of psychological stress responses (Kryter, 1976) , and (4) must involve some degree of physical restraint. Thus, the conditioning-mediated protective effects in the ear may involve changes in stress-induced gene expression mediated by a combination of systemic and local cellular signals. The recent demonstration of unilateral protection from acoustic injury after unilateral sound conditioning (Yamasoba et al., 1999) suggests that conditioning-related protection cannot be completely caused by modulation of systemic stress levels. Indeed, the existence of multiple mechanisms, with differing time constants for onset and decay, help explain contradictions in the conditioning literature. For example, Ryan et al. (1994) showed that protective effects of sound conditioning were absent when the trauma was presented immediately after conditioning, yet were clear-cut with a treatment-trauma interval of 1 week. On the other hand, Canlon and Fransson (1998) showed that a 2 hr conditioner-trauma interval afforded larger protection than at a 1 week interval. The decay of protective effects observed in the latter study is consistent with that seen in the present heat stress paradigm, whereas the former is not.
Although protection from sound conditioning has been re-ported in a number of mammalian species, it was not demonstrable in the one published study of the CBA /C a mouse (Fowler et al., 1995) . Of course, so many parameters are involved in choosing the conditioning and traumatic stimuli (duration, spectrum, and level for each), and the conditioner-trauma interval, a negative result from one particular parameter set, is not very meaningful. We have seen recently protective effects of sound conditioning in CBA/C aJ mice using a paradigm designed to parallel the heat stress experiments reported here, i.e., a short-term (15 min) sound conditioner followed 6 -24 hr later by acoustic overexposure, and also designed to maximize stress by using the loudest conditioner for which there is no residual TTS 6 hr later, when the traumatic exposure is presented. The development of this mouse model of acoustic-injury protection will facilitate f uture studies of the molecular mechanisms involved, including direct measures of HSP production after sound conditioning procedures, which protect the ear from acoustic injury.
